The K group of human endogenous retroviruses (HERV-K) has been suggested to have a role in disease and has recently been shown to include long terminal repeat (LTR) elements that are human specific. Here we investigated the presence of HERV-K LTRs on the human X and Y chromosomes with the use of PCR on a monochromosomal somatic cell hybrid DNA panel. We report twelve such sequences on the X chromosome and ten sequences on the Y chromosome. Phylogenetic analysis reveals that clones X2, 4, 5, 6, 7, 11, 15 from the X chromosome and clones Y4, 5, 7, 10 from the Y chromosome are closely related to the human-specific members of Medstrand and Mager's cluster 9. The sequence of clone Y7 from the Y chromosome is identical with human-specific HERV-K LTR element (AC002350) from chromosome 12q24. The findings suggest recent proliferation and transposition of HERV-K LTR elements on these chromosomes. Such events may have contributed to structural change and genetic variation in the human genome. We draw attention to evolutionarily recent changes in homologies between X and Y chromosomes as a method of further investigating such transpositions.
The HERV-K family of human endogenous retroviral sequences was originally cloned from Syrian hamster intra-cisternal A type particles (Ono et al., 1986) , has homology to mouse mammary tumour virus, and includes HERV-K-related long terminal repeat (LTR) sequences that are expressed in normal placenta (Simon et al., 1994) . Sequences from the HERV-K genome have been detected in humans and Old World monkeys, but not in New World monkeys by Southern blots with the HERV-Kenv probe and PCR analysis (Steinhuber et al., 1995) . HERV-K LTR-like elements probably entered the primate genome about 33 -40 million years ago, and it is estimated that there are now approximately 25,000 copies of HERV-K LTRs in the human genome (Leib-Mosch et al., 1993) .
The possibility that some of this increase has occurred recently is suggested by the presence in HERV-K sequences of a functional integrase (Kitamura et al., 1996) . The ratio of synonymous to nonsynonymous substitutions indicates that evolutionary selection has recently been or is still operating (Zsiros et al., 1998) . Of particular interest is the report that some clusters (eg cluster 9 of Medstrand and Mager, 1998) of HERV-K LTRs show low (average 1.5%) divergence and that members of this cluster are specific to the human genome. HERV-K LTRs bind host cell nuclear proteins and have the potential to activate neighboring genes (Akopov et al., 1998) . A possible role of HERV-K elements in disease has been considered in relation to insulin dependent diabetes mellitus (Conrad et al., 1997) , seminoma (Sauter et al., 1995) and in the case of HERV-K-T47D mammary carcinoma (Seifarth et al., 1998) .
The evolutionary history of retroelements in the genome is relevant to their possible role in individual differences and in pathology. The small minority of such elements that have been involved in recent retroposition is the class that is of primary interest. It has been suggested for example that such elements may play a role in the late evolutionary development of the nervous system (Crow, 1984 (Crow, , 1986 and that critical changes may have occurred on the sex chromosomes (Crow, 1993 ). Here we investigated HERV-K LTR sequences on the human X and Y chromosomes with particular reference to the class 9 elements which Medstrand and Mager (1998) have found to show low sequence divergence and to be human specific.
A human monochromosomal somatic cell hybrid DNA panel was purchased from the Coriell Cell Repositories (Coriell Institute, USA). The X and Y chromosomal panel samples were subjected to PCR amplification. A novel HERV-K LTR family was amplified by the primer pair HS45 (5'-GTATTGTCCAAGGTTTCTCCC-3', bases 8541-8561) and DS14 (5'-GTGCTGTGCTTTTGGATATGC-3', bases 8859-8879) from the human endogenous retroviral element, HERV-K10 (GenBank, accession no. M14123). The PCR conditions followed were those of Kim et al. (1996) with an annealing temperature of 58°C. PCR products were separated on a 2% agarose gel, purified with the QIAEX II gel extraction kit (Qiagen) and cloned into the T-khs307 vector (Kim et al., 1998) . The cloned DNA was isolated by the alkali lysis method using the High Pure Plasmid Isolation Kit (Boehringer Mannheim). Individual plasmid DNAs were screened for inserts by PCR. Positive samples were subjected to sequence analyses on both strands with T7 and M13 reverse primers using an automated DNA sequencer (Model 373A) and the DyeDeoxy terminator kit (Applied Biosystem). Nucleotide sequence analyses were performed using the GCG program (University of Wisconsin). Neighbor-joining phylogenetic analysis (Saitou and Nei, 1987) was performed with the MEGA program (Kumar et al., 1993) . HERV-K LTR elements and SINE-R retroposons are almost homologous, but differ by a 367 bp insertion in the LTR elements (Ono et al., 1986; Kim et al., 1999) . Therefore, in order to amplify HERV-K LTR elements only, PCR primers (HS45 and DS14) were chosen from the inserted sequences. Solitary HERV-K-related long terminal repeats (LTRs) have been found to be distributed over most human chromosomes (Leib-Mösch et al., 1993) . Detailed physical mapping of the HERV-K LTRs on human chromosome 19 revealed frequent proximity of the LTRs, and many have been located in the vicinity of known genes (Lebedev et al., 1995) . Using PCR amplification and FISH analysis, it has been shown that gag, pol, env genes of HERV-K are found on all chromosomes except for chromosome 8, 9, 17, 18, and X (Meese et al., 1996; Mayer et al., 1997) . However, a Southern analysis with probes for HERV-K-T47D related solitary LTRs using a monochromosomal somatic cell hybrid DNA panel demonstrated several hundred copies distributed over all human chromosomes (Baust, personal communication). Human-specific HERV-K LTR elements have been identified by PCR and phylogenetic analyses (Medstrand and Mager, 1998) .
We identified 22 HERV-K LTR elements (12 from the X and 10 from the Y) from the human sex chromosomes, and subjected them to phylogenetic analysis with the humanspecific HERV-K LTRs found by Medstrand and Mager (1998) (Fig. 1) . Clones X2, 4, 5, 6, 7, 11, 15 from the X chromosome and clones Y4, 5, 7, 10 from the Y chromosome are closely related to the human-specific members of Medstrand and Mager's cluster 9. The sequence of clone Y7 from Y chromosome is identical with human-specific HERV-K LTR element (AC002350) from chromosome 12q24, and this sequence differs from AC002400, Y4 and Y5, L47334 and AC002508, by one, two or three bp respectively. The finding suggest that there has been recent proliferation and transposition of HERV-K LTR elements. Such events may have contributed to structural change and genetic variation in the human genome.
The nucleotide sequences of the HERV-K LTR isolated from the sex chromosomes have at least 92% sequence identity with the HERV-K10 LTR. Although HERV-K elements have been previously detected on the Y chromosome by Southern analysis (Mayer et al., 1997 ), this appears to be the first report of such sequences on the X chromosome. Clones Y4 and Y5 have 99.3% sequence identity with clone Y7. An average of 1.5% divergence reveals these sequences as belonging to the human-specific cluster (Medstrand and Mager, 1998) . Similarly AC002400 has over 98.6% sequence identity with X5, 6 and 11 as well as with L47334, AC002508, U73641, Z80898 and U47924 within Medstrand and Mager's cluster 9, and U73641 differs from the sequence of HERV-K10 LTR by only one base pair. This group (X2, 4, 5, 6, 7, 11, 15 and Y4, 5, 7, 10) represents an expansion on the X and Y chromosomes that has occurred since the separation of the chimpanzee lineage.
The relationships between HERV-K LTR elements on the human X and Y chromosomes is of interest. Although there appear to be relatively separate sub-clusters on the X (X5, 6, 11 and X4, 7, 15) and on the Y (Y4, 7 and 10), there is also overlap (X2 and Y5) (Fig. 1) . One possibility is that some part of the mixed X and Y group relates to regions of homology that have been established late in evolution such as the 4 Mb block in Yp that transposed from Xq21.3 after the separation of the chimpanzee and hominid lineages (Sargent et al., 1996; Mumm et al., 1997) and was subsequently split by a paracentric inversion on the Y chromosome. The transposition has been dated at 3 to 4 million years, and the paracentric inversion took place after this but before the radiation of extant human populations (Schwartz et al., 1998) . These two blocks in Yp are thus specific to the human genome. If HERV-K elements are present within the Xq21.3 region or either of the homologous blocks in Yp sequence analysis will cast further light on their evolutionary history. Elements that were already present on the X chromosome at the time of the transposition will be represented on the Y chromosome. Discrepancies in the sequences on the X and the Y must have arisen in the past 3 to 4 million years, and there is the possibility of detecting new insertions or deletions. The existence of X-Y homologous regions together with their evolutionary chronology (Lambson et al., 1992) therefore provides an approach to the timing of retrotransposition events. Fig. 1 . Phylogenetic tree obtained by the neighbor-joining method for HERV-K LTR elements including human-specific HERV-K LTRs as described by Medstrand and Mager (1998) . The accession numbers (AC002350, AC002400, AC002508, L47334, U47924, U73641, Z80898) of human-specific HERV-K LTRs were obtained from the GenBank database with the aid of the BLAST network server (Altschul et al., 1997) . The nucleotide sequence of HERV-K10 LTR was taken from GenBank accession no. M14123. Branch lengths are proportional to the distance between the taxa. Statistical robustness was tested by bootstrap analysis -numbers to the left of the nodes of the tree branches represent the number of times out of 100 trees. The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession numbers AB022739 -AB022760. This work was supported by grants from the UK Medical Research Council and the Stanley Foundation.
